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Maternal vascular complications have been most consistently associated with medically indicated preterm delivery, but they may also contribute to preterm deliveries that result from premature rupture of membranes and spontaneous preterm labor (1) (2) (3) (4) (5) . Studies of vascular pathways to preterm delivery have considered clinical signs/symptoms (6, 7), biomarkers (8) (9) (10) (11) (12) (13) (14) (15) , and placental pathology findings (4, 5, 16) , all of which provide clues and unique challenges. Vasculature-related complications such as preeclampsia, gestational hypertension, intrauterine growth restriction, and overt bleeding are defined by extreme signs/symptoms that have potentially multiple causes, some distinct and some overlapping (2-4, 6, 17, 18) . In addition, clinically diagnosed vascular complications most likely underrepresent vascular problems associated with preterm delivery, decreased fetal growth, and altered fetal development. Biomarkers such as thrombin (10, 15) , fms-like tyrosine kinase 1 (12) (13) (14) , vascular endothelial growth factor (8, 9) , and placental growth factor (13, 14) have been linked to multiple clinically defined vascular complications in pregnancy, which may indicate common underlying etiologies or common sequelae following vascular damage.
Evaluation of placental vascular findings offers another avenue for uncovering vascular pathways. Studies have repeatedly shown that placental evidence of decidual vasculopathy or, more basically, uteroplacental vascular lesions are associated with preeclampsia, gestational hypertension, and fetal intrauterine growth restriction (19) (20) (21) . Failed physiologic transformation of maternal spiral arteries and decidual vascular arthrosis were found to be more common in premature rupture of membranes and spontaneous preterm labor than in normal, term deliveries (4), but incorporating placental vascular findings into epidemiologic studies is also fraught with challenges. There are no ''gold'' standards demarcating ''normal'' from ''abnormal'' along the continuum of pathologic findings, and classification schemes for the different pathologic findings have been quite variable. One approach has been to focus on an individual placental vascular finding, such as failure of physiologic transformation of spiral arteries, and relate it to preterm delivery (3) . Another has been to group multiple placental findings to characterize globally defined vascular complications such as abnormal placentation, uteroplacental ischemia, and hemorrhage, but across studies there are considerable inconsistencies in terminology, definitions, and findings used (Table 1) . Few studies have empirically evaluated placental vascular findings to determine how often they co-occur (22, 23) , and only 1 of these studies used both term and preterm placentas (22) . Finally, investigators have primarily concentrated on maternal vascular pathology in relation to preterm delivery, so less is known about the influence of fetal vascular findings, alone or in combination with maternal vascular pathology (24) (25) (26) .
The Pregnancy Outcomes and Community Health (POUCH) Study was a prospective cohort study designed to examine biologic and social factors associated with various pathways to preterm delivery. Here, data from a subcohort were used to explore the relation between vascular placental pathology and preterm delivery. Microscopic vascular findings in term and preterm placentas of subcohort women were divided into 5 groups, each representing a pathology-based latent construct. The goals of these analyses were to: 1) examine the extent to which the pathology-based constructs co-occur in the same placenta; 2) evaluate maternal characteristics for each of the 5 pathology-based constructs; and 3) assess relations between the pathology-based constructs and risk of spontaneous and/or medically indicated preterm delivery.
MATERIALS AND METHODS

Population and study design
The POUCH Study was a prospective cohort study designed to examine pathways to preterm delivery in 3,019 pregnant women (27) . Between August 1998 and June 2004, pregnant women were recruited from 52 clinics in 5 Michigan communities. Women were enrolled in the 15th-27th week of pregnancy. Inclusion criteria included a singleton pregnancy with no known congenital anomaly, maternal age !15 years, prenatal screening of maternal serum a-fetoprotein at the 15th-22nd week of pregnancy, no prepregnancy history of diabetes mellitus, and competency in English. Women were recruited at the time of prenatal screening. All women with maternal serum a-fetoprotein levels greater than 2 multiples of the mean were invited to participate (7% of the cohort), because this biomarker had been linked to preterm delivery previously (28) and was of particular interest in the POUCH Study. Women with normal maternal serum a-fetoprotein levels were stratified by race/ethnicity and sampled into the cohort. Nineteen of the 3,038 women enrolled were lost to follow-up (1998) (1999) (2000) (2001) (2002) (2003) (2004) , resulting in a cohort of 3,019 women. The study received institutional review board approval from Michigan State University, the Michigan Department of Community Health, and 9 community hospitals. Race/ethnicity-specific comparisons of the study cohort with birth certificate data from women delivering in the study communities showed that cohort participants closely resembled community women with regard to most maternal characteristics measured. At enrollment, study participants were interviewed and biologic samples were obtained. For in-depth analyses, a subcohort (n ¼ 1,371) was created which included all women who delivered preterm (<37 weeks' gestation), all women who delivered at term with elevated maternal serum a-fetoprotein levels (>2 multiples of the mean), and a sample of women who delivered at term with normal maternal serum a-fetoprotein levels, with oversampling of AfricanAmerican women from this latter category. The subcohort sampling scheme was designed to maximize statistical power for studying at-risk subgroups. All subcohort analyses use sampling weights to reflect the sampling scheme, and therefore there is no bias introduced by oversampling certain subgroups. In the subcohort, prenatal and labor/ delivery records were abstracted and delivered placentas were examined by a study placental pathologist. Placentas were retrieved for 88% (1,213 women) of the subcohort, and this analysis includes the first 1,053 placentas (239 preterm, 814 term) assessed in the subcohort to date.
Placental examination protocol
The POUCH Study placental examination protocol has been described elsewhere (27) . Briefly, placentas were formalin-fixed and grossly examined by the study placental pathologist. Five full-thickness samples were taken from the disc: 1 at the cord insertion, 1 in grossly normal central tissue, 2 more from central tissue, and 1 from marginal tissue. The latter 3 samples were from grossly abnormal tissue if present. Four other samples were also taken: 2 umbilical cord samples and 2 extraplacental membrane samples from a membrane roll. Tissue samples were paraffin-embedded, sectioned, and stained with hematoxylin and eosin for microscopic assessment. The study's placental pathologist was blinded to gestational age at delivery, all clinical data, and gross examination findings during the microscopic examination.
Placental diagnostic coding tool
Placental microscopic findings were recorded with a computer-based data collection instrument adapted from that of Dr. Carolyn Salafia (Placental Analytics LLC, Larchmont, New York, and Institute for Basic Research, Staten Island, New York). The instrument is primarily descriptive, not diagnostic; it captures a large number of pathologic changes and their location, frequency, extent, and proximity to one another. Maternal vascular findings recorded on this instrument were organized using a scheme adapted from the Placental Diagnostic Coding Tool of Drs. Raymond Redline and Maureen Hack (October 31, 1996, revision; P. K. Senagore, Michigan State University, personal communication, 1999). This adapted data summary tool was used to categorize findings into 5 conceptual groups, or pathology-based latent constructs: 1) maternal vascular-obstructive (MV-O) captures evidence of obstruction, as in major placental disc infarcts and decidual vessel atherosis; 2) maternal vasculardisturbance of integrity (MV-I) includes findings associated with retroplacental hemorrhage and bleeding in the decidua; 3) maternal vascular-developmental (MV-D) incorporates findings consistent with abnormal or incomplete trophoblast remodeling of maternal spiral arteries; 4) fetal vascularobstructive (FV-O) represents findings related to large and small fetal vessel obstruction; and 5) fetal vasculardisturbance of integrity (FV-I) includes findings that suggest abnormalities of fetal villous blood flow such as fetal-tomaternal hemorrhage. The 5 groups initially consisted of 39 findings. The study pathologist reevaluated a 10% sample of placentas and rescored the 39 findings while blinded to results from the original placental assessments. Findings with a kappa (j) value (a measure of concordance between the first and second scorings) below 0.40 were eliminated, leaving 29 total findings within the 5 pathology-based vascular constructs. Of the remaining 29 findings, 18 had j's of 0.40-0.60 (moderate concordance) and 11 had j's of 0.61-0.89 (excellent concordance).
Pregnancy outcome
Gestational age at delivery was calculated from the date of the last menstrual period. If the estimate based on the last menstrual period differed from an early ultrasound estimate by more than 2 weeks, ultrasound dates were given preference. Preterm delivery (<37 weeks' gestation) was subdivided into 2 commonly used clinical groupings: 1) spontaneous preterm delivery, which included women with spontaneous regular contractions that led to cervical changes (!2 cm dilatation) and women with rupture of membranes prior to or at the onset of labor; and 2) medically indicated preterm delivery, which included women who delivered after induction of labor or by cesarean section before the onset of spontaneous regular contractions or membrane rupture. Women were assigned to one of these 2 groups based on a chart review protocol that included independent evaluations by obstetricians and by study labor and delivery nurses. Discrepancies were resolved with further review. Within the clinical subtypes, preterm delivery was further divided according to gestational week at delivery-that is, <35 weeks and 35-36 weeks-because pregnancy complications and clinical decisions to intervene vary as pregnancy progresses.
Maternal characteristics
Information on maternal educational level, Medicaid insurance status, parity, prepregnancy weight, height, and race/ethnicity were obtained through self-report at enrollment. Prepregnancy body mass index was calculated as weight in kilograms divided by height in meters squared and was divided into 3 groups: normal (18.5-24.9), overweight (25-29.9) , and obese (!30). Because of small numbers, underweight women (n ¼ 47) were excluded from analyses involving body mass index, and the 82 women who were not African-American or white were grouped with whites (white/other), with whom they shared more similar risks of preterm delivery.
Analytic approach
Development of the pathology-based vascular construct scores. Each of the 29 vascular findings had a continuous score representing the number of samples per placenta in which the vascular pathology finding was present. Scores ranged from 0 to 2 when specifically considering findings within the extraplacental membrane samples, 0 to 5 for findings within each of the placental disc samples, and 0 to 7 when combining disc and extraplacental membrane samples. Data from women who delivered at term with normal maternal serum a-fetoprotein levels were used to determine the typical frequency distribution (number of positive samples per placenta) of each of the 29 vascular findings. The top quintile (or approximately) was considered ''high,'' and accordingly a vascular finding was scored as either ''0'' (not high) or ''1'' (high) for each placenta. We then summed the dichotomous vascular finding scores to obtain a pathology-based construct score. For example, the 7 findings in the MV-O construct were added to create a construct-specific score ranging from 0 to 7 for each placenta. Again, data from women who delivered at term with normal maternal serum a-fetoprotein levels were used to represent the typical frequency distributions of construct scores. Because of clumping in the distributions, the most uniform cutpoints for ''high'' across the constructs were the top 12th-21st percentiles. One construct (FV-I) had to be cut at the top 36th percentile. A dichotomous variable was created for each of the 5 pathology-based vascular constructs; ''high'' was at or above the cutpoint, and ''not high'' was below it. Using the 10% reevaluation method (as described above) with the 29 most reliable findings, the vascular construct j's were in the range of moderate to excellent (for MV-O, j ¼ 0.42; for MV-I, j ¼ 0.62; for MV-D, j ¼ 0.48; for FV-O, j ¼ 0.66; and for FV-I, j ¼ 0.64).
Analyses using pathology-based vascular construct scores. Correlations between pathology-based vascular construct scores were determined in 2 ways. First, the score was modeled as a continuous variable and Spearman's rank correlation coefficients were obtained using PROC CORR in SAS (SAS Institute Inc., Cary, North Carolina). Second, the scores were modeled as a dichotomous variable (high and normal as defined above) and co-occurrence was assessed using the j statistic.
We evaluated each pathology-based vascular construct (modeled as high/normal) in relation to maternal characteristics (v 2 test) and in relation to risk of preterm delivery by using a polytomous logistic regression model (PROC SUR-VEYLOGISTIC in SAS) with a 5-level outcome variable: term (referent), 35-36 weeks with spontaneous preterm delivery, 35-36 weeks with medically indicated preterm delivery, <35 weeks with spontaneous preterm delivery, and <35 weeks with medically indicated preterm delivery. In these analyses, data were weighted to reflect oversampling of high maternal serum a-fetoprotein into the cohort and oversampling of preterm, high maternal serum a-fetoprotein, and African-American women into the subcohort. Because of the low-to-moderate correlations between the pathologybased vascular constructs, we also included all vascular constructs in a single polytomous logistic regression model to test their associations with preterm delivery after accounting for the presence of other constructs. Significant (P < 0.05) construct interactions were observed for spontaneous preterm delivery but not medically indicated preterm delivery. To clarify these interactions, we used 2 separate polytomous regression models: 1 excluded spontaneous preterm delivery and had a 3-level outcome of term (referent), <35 weeks with medically indicated preterm delivery, and 35-36 weeks with medically indicated preterm delivery; the other excluded medically indicated preterm delivery and had a 3-level outcome of term (referent), <35 weeks with spontaneous preterm delivery, and 35-36 weeks with spontaneous preterm delivery. In a second version of these models, maternal characteristics related to preterm delivery in previous studies (race/ethnicity, parity, age, Medicaid insurance status, and body mass index) were added as potential confounders. Table 2 shows the distributions of demographic and pregnancy-related factors in this subcohort sample. The table includes sampling weights to show the distributions of these same maternal characteristics in the POUCH Study cohort. Weighted and unweighted distributions were similar, except with regard to the characteristics used for subcohort sampling-that is, race/ethnicity and pregnancy outcome. In the subcohort sample, approximately 28% of participants were over 29 years of age, 51% had more than 12 years of education, 38% were African-American, 54% were insured by Medicaid, and 22.7% delivered preterm.
RESULTS
Correlations between pathology-based vascular construct scores measured on a continuous scale were generally weak to moderate in magnitude, with Spearman's rank correlation coefficients ranging from 0.02 to 0.26 (Table 3) . Co-occurrence of vascular constructs was also tested using dichotomous variables (normal/high) and a j statistic, which has a range of À1 to 1. The j coefficients for the vascular constructs were all low, À0.03 to 0.16 (Table 4) .
Maternal vascular obstructions, evidenced by a high MV-O score, were more common in primiparous women (Table 5) . High FV-O scores, indicative of fetal vessel thrombosis, were observed more often in whites/others than in African Americans. A high MV-D score, consistent with poor conversion of spiral arteries, was associated with being AfricanAmerican, under 20 years of age, insured by Medicaid, and obese. When all maternal characteristics were included in a single logistic regression model, a high MV-D score continued to be more prevalent in African-American women (adjusted odds ratio (OR) ¼ 2.9, 95% confidence interval (CI): 1.8, 4.7), women under 20 years of age (adjusted OR ¼ 2.9, 95% CI: 1.3, 6.7), overweight women (adjusted OR ¼ 1.9, 95% CI: 1.1, 3.4), and obese women (adjusted OR ¼ 3.2, 95% CI: 1.8, 5.5).
High scores for MV-O, MV-I, MV-D, FV-O, and FV-I were each associated with medically indicated preterm delivery at <35 weeks, with unadjusted odds ratios ranging from 2.9 to 6.5 (Table 6 ). MV-I and MV-D were also related to spontaneous preterm delivery at <35 weeks (unadjusted odds ratios were 2.2 and 2.7, respectively), and FV-I was associated with spontaneous preterm delivery at 35-36 weeks (unadjusted OR ¼ 1.8). All pathology-based vascular constructs were placed in a single model after exclusion of spontaneous preterm deliveries. The adjusted odds ratios for medically indicated preterm delivery at <35 weeks were attenuated but remained statistically significant (Table 7) . Following additional adjustment for maternal variables (i.e., parity, Medicaid status, race/ethnicity, age, and body mass index), there continued to be strong associations between medically indicated preterm delivery at <35 weeks and high scores for MV-O (OR ¼ A second series of analyses placed all vascular constructs into a single model after exclusion of medically indicated preterm delivery. These models showed significant interactions between MV-I, MV-D, and FV-I (Table 8 ). After adjustment for maternal characteristics, the presence of a high score on any 1 of these 3 vascular constructs significantly increased the risk of spontaneous preterm delivery at 35-36 weeks, with adjusted odds ratios ranging from 2.2 to 4.6. The presence of 2 or more high scores increased the risk of spontaneous preterm delivery at <35 weeks, with adjusted odds ratios ranging from 4.1 to 7.4. MV-O and FV-O were unrelated to spontaneous preterm delivery.
DISCUSSION
We found that a pathology-based system of grouping placental vascular findings into constructs offers insights into preterm delivery pathways. Separate consideration of the various vascular constructs was supported by 3 observations. First, the correlations between the pathology-based vascular construct scores were weak to moderate, suggesting that co-occurrence of these latent processes is not common. Second, there was considerable variation in the maternal characteristics associated with each of the vascular constructs. Third, some but not all constructs were related to spontaneous preterm delivery.
The MV-D construct was most closely linked to multiple maternal characteristics, including high body mass index, whereas the MV-O construct was associated only with primiparity. While inadequate maternal vessel remodeling can lead to placental obstructive lesions (29), our results suggest that there may be value in exploring upstream and downstream factors related to each of these constructs. The higher prevalence of fetal vascular obstruction (thrombosis) in whites/others compared with African Americans may reflect differential predispositions such as thrombophilias (30) . There were no maternal characteristics significantly associated with maternal vessel bleeding. Acute placental abruptions, which are most evident through clinical presentation and/or gross pathology findings, are probably not sufficiently captured in this construct, which is defined only by microscopic placental findings. 
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Nontrophokaryorrhexis in small fetal vessels
Thrombi in large fetal disc vessels !1 þ Luminal septation in large stem fetal vessels
Hemorrhagic-mural disruption in large stem fetal vessels
Fragmented red blood cells in large stem fetal vessels
Nontrophokaryorrhexis in large stem fetal vessels
From a clinical perspective, preeclampsia, fetal distress, poor fetal growth, and placental abruption account for the majority of medically indicated preterm deliveries (6) . It has been unclear whether all types of vascular pathology or only certain types drive the association with medically indicated preterm delivery. By building models that included all 5 pathology-based vascular constructs, we were able to show that each construct increased the risk of medically indicated preterm delivery at <35 weeks. The continued importance of the MV-D construct after adjustment for maternal obstructive lesions (e.g., infarcts and atherosis) suggests that developmental findings alone (abnormal or incomplete remodeling of maternal vessels) may be sufficient to trigger maternal complications (high blood pressure) that result in medically indicated preterm delivery.
Other investigators have reported an increased risk of spontaneous preterm delivery in association with placental findings such as uteroplacental vascular thrombosis, infarcts, absence of physiologic spiral artery change, and villous fibrosis (2-4). We found that among 3 of the 5 vascular constructs (MV-D, MV-I, and FV-I), there was an inverse ''dose response'' between the number of high construct scores and the timing of spontaneous preterm delivery-a clear indication that vascular constructs are important to both late and early spontaneous preterm delivery. The lack of association between vascular-obstruction constructs, maternal or fetal, and spontaneous preterm delivery may be due to the fact that in severe cases, medically indicated preterm delivery supersedes.
Comparisons across studies of preterm delivery-related vascular placental pathology are made difficult by 1) the variability in definitions and groupings of pathology findings and 2) geographic and secular trends in medically indicated preterm delivery, influenced both by the prevalence of indications and by variation in medical practices. In addition, previous studies have showed that interrater reliability for diagnosing histologic evidence of vasculature-related pathology is not high (22, 24, 31) , perhaps because there is a lack of agreement as to what constitutes a critical mass of findings for the designation ''positive.'' Major strengths of this study include the sample, which was recruited from multiple community clinics and was shown to be highly comparable to community women giving birth during this period. The pathologist was blinded to all clinical information, which is not typical with referred placental examinations in perinatal medicine. We examined the distributions of placental vascular findings and constructs in term placentas as a means of determining what might be considered ''normal.'' Often studies of placental vascular pathology compare subgroups of preterm births (16, 20, 32, 33) , use high-risk term placentas as the reference group (1), or are conducted in teaching hospitals where patient populations overrepresent high-risk pregnancy conditions, even among term deliveries. Ten of the original 39 findings in our vascular scoring scheme were removed because they showed poor intrarater reliability. By refining our constructs, we were able to achieve j's in the good-to-excellent range. Our next step will be to test the interrater reliability for this pathology-based vascular construct scoring tool. A limitation of this study is that our approach required extensive effort to evaluate and score each placenta. However, our intent was not to supplant the hospital-based pathologists' diagnostic process, which is less time-consuming, encompasses pattern recognition, makes use of clinical information, and allows for expert interpretation of placental findings. Rather, we view our approach as a research tool that can aid in uncovering similarities and distinctions between the various vasculature-related pathways that affect pregnancy outcomes. In addition, note that placental b Construct-specific scores were created by adding the number of positive findings and deriving a dichotomous variable to approximate the top quintile (''high'') and bottom 4 quintiles (''not high'') within each construct.
c Term and medically indicated preterm deliveries only. d Maternal characteristics related to preterm delivery in previous studies (race/ethnicity, Medicaid insurance, parity, maternal age, and body mass index (prepregnancy/at screening; weight (kg)/height (m) 2 , continuous variable)). b Construct-specific scores were created by adding the number of positive findings and deriving a dichotomous variable to approximate the top quintile (''high'') and bottom 4 quintiles (''not high'') within each construct.
c Term and spontaneous preterm deliveries only. d Maternal characteristics related to preterm delivery in previous studies (race/ethnicity, Medicaid insurance, parity, maternal age, and body mass index (prepregnancy/at screening; weight (kg)/height (m) histopathologic findings, unlike blood biomarkers, cannot be compared between term and preterm deliveries at the same gestational week, and this too was a limitation.
In future analyses, we plan to assess the importance of individual placenta vascular findings within each vascular construct and, through sensitivity analyses, determine which if any can be excluded. Despite evidence that the vascular pathways leading to preterm delivery have some overlapping features (18), we have found with our results that separating vascular constructs may be informative as we move forward to examine biomarkers and upstream and downstream risk factors in greater depth.
